O 77>

AFFTC-PA-12071

Incompatibility Of Trellis-Based
NonCoherent SOQPSK Demodulators For
Use In FEC Applications

Erik Perrins

AIR FORCE FLIGHT TEST CENTER
EDWARDS AFB, CA

12 MARCH 2012

Approved for public release; distribution is unlimited.

AIR FORCE FLIGHT TEST CENTER
EDWARDS AIR FORCE BASE, CALIFORNIA
AIR FORCE MATERIEL COMMAND
UNITED STATES AIR FORCE



F A d
REPORT DOCUMENTATION PAGE OME No. 6704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the
data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-
4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently
valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
12/03/2012 Technical Paper Feb 12 - Oct 12
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER
Incompatibility Of Trellis-Based NonCoherent SOQPSK Demodulators For Use In 5b. GRANT NUMBER

FEC Applications

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER

5e. TASK NUMBER

Erik Perrins
5f. WORK UNIT NUMBER
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT
NUMBER
Department of Electrical Engineering & Computer Science AFFTC-PA-12071
University of Kansas, Lawrence, KS 66045
9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’'S ACRONYM(S)
N/A
Tom Young, EA
Air Force Flight Test Center 11. SPONSOR/MONITOR’S REPORT
Edwards AFB CA 93524 NUMBER(S)

12. DISTRIBUTION / AVAILABILITY STATEMENT
Approved for public release A: distribution is unlimited.

13. SUPPLEMENTARY NOTES
CA: Air Force Flight Test Center Edwards AFB CA CC: 012100

14. ABSTRACT

This paper examines the compatibility/incompatibility of trellis-based noncoherent shaped offset quadrature phase shift keying (SOQPSK) demodulators for
use in forward error correction (FEC) applications. The noncoherent demodulators are of the type given in [1, 2]. These demodulators do not explicitly estimate
and track the phase offset in the received signal, as is done by a coherent demodulator. Instead, they have implicit phase estimators associated with each
state (survivor) in the trellis. We show, however, that these implicit phase estimators still “lock” onto the carrier phase, in a manner similar to that of a coherent
demodulator. Furthermore, because of the extremely low signal-to-noise ratio (SNR) in FEC applications, the phase lock sometimes slips by 180 degrees,
which causes the demodulator output symbols to be inverted. We show that this is a relatively minor problem for a serially concatenated convolutional code
(SCCC), mainly because the SCCC system uses differential encoding and this encoding is immune to 180 degree phase shifts. On the other hand, a low
density parity check (LDPC) coded system does not use differential encoding. Thus, in LDPC systems the 180 degree phase shift proves to be quite
catastrophic. The solution to this problem is to adjust the “forgetting factor” parameter of the noncoherent detector to a value that yields a tighter phase lock.
However, this diminishes the noncoherent nature of the demodulator. Therefore, another way of stating our conclusion is that coherent demodulators should
be used in FEC applications, especially those using LDPC codes. In the end, while disappointing, this conclusion does not come as a major surprise, because
one would not expect noncoherent demodulation to be applicable when differential encoding is not used.

15. SUBJECT TERMS
forward error correction (FEC), serially concatenated convolutional code (SCCC), low signal-to-noise ratio (SNR), telemetry, spectrum

16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. NUMBER | 19a. NAME OF RESPONSIBLE PERSON
Unclassified OF ABSTRACT OF PAGES 412 TENG/EN (Tech Pubs)
a. REPORT b. ABSTRACT c. THIS PAGE 19b. TELEPHONE NUMBER (include area
Unclassified Unclassified Unclassified None 7 code)
661-277-8615

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. 739.18




INCOMPATIBILITY OF TRELLIS-BASED NONCOHERENT
SOQPSK DEMODULATORS FOR USE IN FEC APPLICATIONS

Erik Perrins
Department of Electrical Engineering & Computer Science
University of Kansas

Lawrence, KS 66045

espl@ieee.org

INTRODUCTION

This paper examines the compatibility/incompatibility of trellis-based noncoherent shaped offset quadra-
ture phase shift keying (SOQPSK) demodulators for use in forward error correction (FEC) applications.
The noncoherent demodulators are of the type given in [1, 2]. These demodulators do not explicitly esti-
mate and track the phase offset in the received signal, as is done by a coherent demodulator. Instead, they
have implicit phase estimators associated with each state (survivor) in the trellis. We show, however, that
these implicit phase estimators still “lock” onto the carrier phase, in a manner similar to that of a coherent
demodulator. Furthermore, because of the extremely low signal-to-noise ratio (SNR) in FEC applications,
the phase lock sometimes slips by 180 degrees, which causes the demodulator output symbols to be in-
verted. We show that this is a relatively minor problem for a serially concatenated convolutional code
(SCCC), mainly because the SCCC system uses differential encoding and this encoding is immune to 180
degree phase shifts. On the other hand, a low density parity check (LDPC) coded system does not use
differential encoding. Thus, in LDPC systems the 180 degree phase shift proves to be quite catastrophic.

The solution to this problem is to adjust the “forgetting factor” parameter of the noncoherent detec-
tor to a value that yields a tighter phase lock. However, this diminishes the noncoherent nature of the
demodulator. Therefore, another way of stating our conclusion is that coherent demodulators should be
used in FEC applications, especially those using LDPC codes. In the end, while disappointing, this con-
clusion does not come as a major surprise, because one would not expect noncoherent demodulation to be
applicable when differential encoding is not used.

SYSTEM MODEL

The transmitter and receiver models are shown in Figures 1 and 2, respectively. The transmitter consists
of a FEC encoder followed by the SOQPSK modulator. The receiver consists of a soft-output SOQPSK
demodulator followed by a FEC decoder. All of these modules are fully described in our related paper [3],
except for the noncoherent demodulator that we now describe.

The coherent demodulator uses trellis metrics given by

L (n+1)Ts A
Re {e—me—ﬁnl / r(t)e—ymnq(t—nTs)dt} . (1)
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Figure 2: Receiver Model.

The received signal, r(t), contains an unknown phase offset, ¢. Although the above expression is quite
intricate, it consists of three main parts: the matched filtering (MF) operation (i.e. the integral), the phase
state correction (i.e. the factor e=7%#-1), and the correction for the carrier phase offset (i.e. the factor e7¢),
where qAb is the estimated phase offset. The coherent demodulator explicitly estimates this phase via some
means, such as a phase-locked loop (PLL). In the case of perfect phase correction we have ngS = ¢.

In the case of the noncoherent demodulator, a complex-valued phase reference, (),,, is associated with
each state in the trellis at time step n. This implicit phase estimate is used to correct the phase of the
metrics that branch out from state s in the trellis. Thus the trellis metrics in the noncoherent demodulator

become
‘ (n+1)Ts .
Re {Qzle_ﬁnl / r(t)e_]m"q(t_"Ts)dt} 2)

Ts

where (-)* denotes the complex conjugate. When the soft-ouput Viterbi algorithm (SOVA) determines the
surviving branch at each ending state , it then updates implicit phase reference via the operation

(n+1)Ts

T,

Qn=0aQn 1+ (1 —-a) (eﬁ“ / 'r(t)ejm"q(t”Ts)dt> (3)

where 0 < a < 1 1s the forgetting factor. The “ingredients” in this update are the past information, scaled
by a, and the information from the current time step, scaled by 1 —a. When a is small, the phase reference
update places more weight on the current time step (because the factor 1 —a is large) and places less weight
on (i.e. forgets) the past reference Q,,_1(s°(e')). As a — 1, the phase reference update essentially ignores
the information from the current time step and relies almost entirely on the past information. When a = 1,
the phase reference is no longer updated, and (2) is essentially the same as the coherent case (assuming
perfect phase correction).

IMPLICIT PHASE LOCK AND 180 DEGREE PHASE SLIP

Although the noncoherent receiver does not explicitly produce a phase estimate, qAb, a carrier phase
estimate and carrier phase tracking is implicit in (),,. During the signal acquisition process, the receiver
must resolve the time boundary between the transmitted symbols (i.e., symbol timing recovery). Then,
for SOQPSK, the receiver imposes its own starting point for even/odd symbol indexes. Once this is
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Figure 3: Angle of the noncoherent phase reference over the duration of one code word. In the middle of the code
word, the phase reference slips from one lock point to the other.

accomplished, there are two possible phase alignments with SOQPSK—one being 180 degrees apart from
the other—and the phase estimate of the receiver will lock onto one of these phase alignments. All of this
is true whether the carrier phase is implicitly or explicitly estimated.

We consider the noncoherent demodulator with a = 7/8, operating with a rate 2/3 FEC code and a
bit-energy-to-noise ratio in the range of F} /Ny = 2 to 4 dB. Because of the coding rate, the symbol-energy-
to-noise ratio, F/Ny, is diminished by 10log,,(2/3) = —1.76 dB, and thus we have E,/N, = 0.24 to
2.24 dB. The demodulator has the task of synchronizing with respect to the coded symbols, and thus the
low value of F/Ny makes synchronization more challenging.

Figure 3 shows the angle of the implicit noncoherent phase reference (in degrees) over the duration of
one 6144-symbol code word. Initially, the phase reference is locked onto a value of +90 degrees. Near the
middle of the code word, the noise causes the phase reference to slip to the opposite alignment point of
—90 degrees. This causes the bits before and after the phase slip to be inverted with respect to each other.
At these low SNRs, the phase slips occur a few percent of the time.

If the FEC code is LDPC, the decoder has no way to deal with the inverted bits—other than to treat
them as errors—and thus the decoder is overwhelmed. This is evident by the LDPC BER curve shown
in Figure 4. Because the rate of occurrence for the phase slips decreases slowly as Ej, /N, increases, the
BER curve is dominated by errors arising from the phase slips and does not exhibit the desired “waterfall”
characteristic that is typical of LDPC codes.

For SCCC, the phase slips do not present much of a problem because they are corrected by the differ-
ential decoder with only a minor hiccup (i.e. two errors). Thus, the SCCC BER curve in Figure 4 drops
off quickly in the waterfall fashion.

The performance of the two FEC decoders is illustrated in a different way in Figure 5. This figure
shows the percentage of phase slips that ultimately lead to decoded bit errors. In the case of LDPC,
essentially all phase slips result in decoded bit errors; the only non-error phase slips are those rare instances
where the phase slip occurs at the end of the transmitted code word and the number of inverted bits is small
enough that the LDPC decoder is not completely overwhelmed.

The situation is very different for SCCC. For E,/N, < 2.5 dB, essentially all phase slips result in
decoded bit errors. For 2.5 < FE;,/Ny < 3.5 dB, the percentage drops because the SCCC decoder is
better able to correct the two additional errors induced by the phase shift. For E,/Ny, > 3.5 dB, the two
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Figure 5: The percentage of phase slips that ultimately lead to decoded bit errors. In the case of LDPC, essentially
all phase slips result in decoded bit errors. In the case of SCCC, as Ej/Ny increases, the SCCC decoder is better able
to correct the phase slip errors and at some point the phase slips no longer contribute to the BER.



additional errors induced by the phase shift are always corrected by the decoder and the phase shifts no
longer contribute to the BER.

DISCUSSION AND CONCLUSIONS

In the examples above, a value of a = 7/8 was used for the forgetting factor. Selecting a value even
closer to 1.0 will reduce the rate of phase slips, but at the cost of making the demodulator less able to
adapt (i.e. slower to acquire the signal). This is, in fact, the same tradeoff that exists in a PLL-based
phase tracking system: a narrower loop bandwidth results in a tighter lock at the expense of a longer
acquisition time. Because the noncoherent phase reference requires implementation complexity [in the
form of multiplications in (2) and the update in (3)] and because the noncoherent characteristic is minimal
due to a — 1, our concluding recommendation is that noncoherent demodulators should not be used in
FEC applications, especially those using LDPC codes. Our related paper [3] shows that simple-yet-robust
symbol-by-symbol (SxS) demodulators yield strong BER performance at a fraction of the complexity of
trellis-based demodulators. Thus, there are other more promising technologies available for FEC applica-
tions.
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